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INTRODUCTION
In circumstances where a conventional radical copolymerization normally results in a blend of compositionally distinct polymers due to compositional drift in the monomer feed, 1 copolymerization by reversible deactivation radical polymerization (RDRP) provides a homogeneous gradient copolymer. [1] [2] [3] [4] [5] [6] [7] In a standard batch process, the relative steepness of the gradient along each polymer chain is determined by the relative reactivity of each of the monomers during polymerization (i.e. the copolymerization reactivity ratios, r1 and r2); in general a greater difference between r1 and r2 leads to a steeper gradient.
For preparation of well-defined polymers that incorporate both "more activated monomers" (MAMs, i.e.
(meth)acrylates, (meth)acrylamides), styrenes) and "less activated monomers" (LAMs, i.e. vinyl esters, vinylamides), which have vastly different reactivities in radical polymerization, RAFT is the most appealing of the RDRP techniques. Due to its degenerative transfer mechanism RAFT can deliver well defined polymers of either MAMs or LAMs by tailoring of the structure of the thiocarbonylthio RAFT agent (ZC(=S)SR). 8 Indeed block copolymers of MAMs and LAMs with defined molar mass and low dispersity (Đ) have been synthesised using acid/base "switchable" N-4-pyridinyl dithiocarbamate RAFT agents (see Scheme 1) . [9] [10] [11] [12] Scheme 1: Acid/Base "switchable" RAFT agents (where 1 associated with non-ideal RAFT equilibria such as slow fragmentation will inevitably arise when using these active RAFT agents in a polymerization involving LAMs. Clearly, if one wishes to control the polymerization of both MAMs and LAMs concurrently during copolymerization some balance with respect to RAFT agent structure must be sought. However we can surmise that the reactivity ratios ensure that the MAM is consumed relatively rapidly.
Retardation was observed in the latter stages of copolymerization when the monomer feed comprises only the LAM.
The ideal approach to obtain control over a copolymerization of MAMs and LAMs would encompass modulation of the RAFT agent activity, through an activation/deactivation process, during the polymerization reaction (see Scheme 2) . Indeed this would facilitate both efficient addition of MAMderived propagating radicals to the thiocarbonyl of the activated (macro)-RAFT agent (2 or 4) and promote fragmentation of LAM-derived propagating radicals from the less stabilised, deactivated RAFT intermediate (6) . Acid/base equilibria involving Lewis basic "switchable" dithiocarbamate RAFT agents can be exploited in this context. As the hydrolytic sensitivity of LAM derived end-groups precludes use of protic acids, 10, 16 we instead propose the use of the hydrolytically stable Lewis acid 17 Herein, we describe the effect the Lewis acid Sc(OTf)3 has on molar mass, Đ and the relative monomer reactivity during the RAFT homo-and copolymerization of methyl acrylate (MA) and vinyl acetate (VAc) (exemplar MAMs and LAMs respectively). Through estimation of the copolymerization reactivity ratios and by analysis the resultant copolymers by nuclear magnetic resonance (NMR) and differential scanning calorimetry (DSC) additional information on the distribution of each type of monomer unit along the polymer backbone was obtained.
EXPERIMENTAL

Materials.
All 33 were prepared by the reported literature procedures.
Characterization.
NMR spectra were obtained with a Bruker Avance 300 or 400 MHz spectrometer. 1 H and 13 C NMR spectra were internally referenced to residual solvent. 
High-throughput RAFT polymerization experiments for kinetic analysis.
RAFT polymerization experiments for kinetic analysis were performed using a Chemspeed Swing-SLT automated synthesizer following procedures similar to those described elsewhere. 7, 10, [35] [36] [37] [38] [39] [40] The synthesizer was equipped with a glass reactor block consisting of 16 reaction vessels (13 mL) with thermal jackets connected in series through the reaction block and connected to a heating/cooling system (Hüber, -90 °C to 140 °C). In addition, all reaction vessels were equipped with cold-finger reflux condensers (~7 °C).
Mixing was achieved by vortex agitation (up to 1400 rpm). Liquid transfers were handled by a 4-needle head (4-NH) capable of four simultaneous sample transfers. The 4-NH was connected to a reservoir bottle (degassed acetonitrile (MeCN)) for needle rinsing after each liquid transfer step. This solvent reservoir was degassed by continuously sparging with nitrogen and was also utilized to prime the tubing lines of the 4-NH. When experiments were carried out, the synthesizer was maintained under an inert atmosphere by supplying a constant flow of nitrogen into the hood of the synthesizer. A nitrogen atmosphere was also applied to reactors and stock solutions at all times. Prior to the polymerizations, to ensure an inert environment, the reaction vessels were heated to 135 °C and subjected to 10 cycles of vacuum (2 min) and filling with nitrogen (2 min) to ensure the elimination of oxygen (see the supporting information (SI) for more details on the performed polymerization reactions).
RESULTS AND DISCUSSION
RAFT polymerization of methyl acrylate
Initially, to assess the ability of the Lewis acid, Sc(OTf)3, to activate the RAFT agent and facilitate enhanced control over the polymerization of the MAM MA, we employed 8. We have previously shown this RAFT agent performs exceptionally in controlling the polymerization of both MA (when protonated)
and VAc (when used neutral form). 31 The polymerization of MA in the presence of 8, without the addition of Sc(OTf)3, gave polymers of targeted molar mass with moderate Ð, which is consistent with experiments previously reported 31 (see Table 1 , Entry 1 and Figure 1a ). Upon addition of either 0.5 or 1 molar equivalent of Sc(OTf)3 with respect to RAFT agent concentration polymers of lowered Ð were obtained, analogous to what is observed upon addition of protic acids 31 (see Table 1 , Entries 2, 3 and Figure 1a ). In all cases the polymerization of MA in the presence of 8 showed a linear increase of molar mass with conversion, with molar masses above that calculated theoretically due to discrepancies introduced through the use of PSt SEC calibration standards. In the case of homopolymerization of MA there appears to be no significant difference between reactions performed with 0.5 or 1 molar equivalent of Sc(OTf)3 to RAFT agent 8, suggesting that during polymerization the scandium centre may accommodate more than one RAFT-based pyridyl ligand. 
RAFT copolymerization of methyl acrylate and vinyl acetate
To investigate the effect of Sc(OTf)3 on the copolymerization of MAMs and LAMs in the presence of RAFT agent 8, VAc (a model LAM) was introduced as comonomer alongside MA. Monomer feed ratios were varied between 75% MA/25% VAc, 50% MA/50% VAc and 25%MA/75% VAc whilst maintaining constant monomer, RAFT agent and initiator concentrations (see Table 1 , Entries 4-12) allowing for calculation of monomer reactivity ratios (vide infra).
With 75% MA/25% VAc monomer feed the Ð was observed to decrease with increasing Sc(OTf)3 concentration, coinciding with some rate retardation presumably caused by slower fragmentation of the PVAc propagating radicals from the coordinated RAFT intermediate (see Table 1 , Entries 4-6, Figure 1b and Figure S1b ). Additionally, a change in the relative rate of monomer incorporation was observed (see Table S1 for full details), suggesting an effect of Sc(OTf)3 on the monomer copolymerization reactivity ratios (vide infra). In the absence of Sc(OTf)3 Ð decreased with monomer conversion (see Figure 1b, right). This is typical for acrylate polymerization in the presence of N,N-diaryldithiocarbamate RAFT agents 31, 41 and is also consistent with that seen with 100% MA feed (see Figure 1a , right). In the presence of 0.5 or 1 molar equivalents of Sc(OTf)3 to RAFT agent 8 Ð increases from low to moderate with conversion over the course of the reaction (see Figure 1b , right), due to the propensity for irreversible chain transfer and head-to-head addition in VAc polymerization. 42 This is in contrast to the analogous experiments with 100% MA where Ð was low throughout the polymerization (see Figure 1a, right). Instead these observations are akin to that typically observed for a well-controlled VAc polymerization using moderately active N,N-diaryldithiocarbamate 41, [43] [44] (and pyrazolecarbodithioate) 13 RAFT agents.
The copolymerization reactions with 50% and 25% MA feeds (see Table 1 , Entries 7-9 and 10-12 respectively) displayed similar trends with the polymerization rate retarded more with increased VAc concentration (see Figure 1c and d) . Inspection of evolution of monomer conversion versus time (see Figure 1a -d, left) and pseudo-first order kinetics plots (see Figure S1 ) further implies this is the case. At these feed ratios the Ð was again seen to decrease with increasing Sc(OTf)3 concentration.
Notably in all the copolymerization examples increasing the concentration of Sc(OTf)3 affected the relative rate of incorporation of each of the monomer units into the polymer and influenced the overall rate of the reaction; with increased Sc(OTf)3 concentration an increased incorporation of VAc (presumably due to differences in the interactions between Sc(OTf)3 with MA or VAc) and a lower overall rate of reaction is observed (see Table S1 and Figure 1b-d and Figure S1b-d) .
For comparison the homopolymerization of VAc is well controlled by RAFT agent 8 under the same experimental conditions albeit with low monomer conversion (see Table 1 , Entry 13 and Table S1 ). With Sc(OTf)3 also present in the reaction mixture the reaction is significantly inhibited/retarded, hence VAc plots are omitted from Figure 1 (see Table 1 , Entries 14-15 and Table S1 ).
From the experiments discussed above it is clear that the inclusion of Sc(OTf)3 delivers improved control of the RAFT copolymerization of MA and VAc controlled by 8, particularly with respect to polymer Ð. Additionally the increased rate of chain transfer during copolymerization facilitated by the presence of Sc(OTf)3 will decrease the level of heterogeneity between the gradient copolymer chains.
Effect of scandium triflate on copolymerization reactivity ratios of methyl acrylate and vinyl acetate
To investigate the effect of Sc(OTf)3 on the relative reactivity of MA and VAc during their RAFT copolymerization, their reactivity ratios of were estimated using non-linear least squares regression fit of copolymerization monomer conversion data. 4, 6, 35, 45 The evolution of the MA monomer fraction (fMA) with conversion for the three feed ratios in the absence of Sc(OTf)3 or in the presence of 0.5 and 1 molar equivalents to RAFT agent 8 are shown in Figure 2 . The reactivity ratios, rMA and rVAc, obtained from fitting the integrated copolymer composition equation are shown in Figure 3 . The uncertainty in these values is indicated by the joint confidence region contours.
In the absence of Sc(OTf)3, the reactivity ratios (rMA =4.4; rVAc = 0.038) indicate a stark preference for MA to homopolymerize and VAc to copolymerize with MA. This is consistent with literature observations. 46 The result is polymers with very "steep" gradients due to the significant differences in monomer reactivity; in each case without Sc(OTf)3 the MA reaches full conversion. As the number of molar equivalents of Sc(OTf)3 to RAFT agent 8 increases to the reactivity ratios are affected, reflecting an increased propensity for MA to copolymerize with VAc and VAc to homopolymerize. In general the "steepness" of the gradient structure within the polymers is decreased and for a given total monomer conversion the extent of incorporation of VAc (FVAc) is increased (see Table 1 ). This can be appreciated qualitatively by inspection of the differences in the evolution of fMA with total monomer conversion for Figure 2 ). Internal contours represent 50%, 70% and 90% JCRs.
To obtain further insight into the effect of the Lewis acid Sc(OTf)3 on MA/VAc copolymerization we undertook test experiments under the same reaction conditions with more typical RAFT agents not in possession of a Lewis basic group. These RAFT agents were the cyanomethyl xanthate 9 and the cyanomethyl trithiocarbonate 10 (details of these experiments can be found in the supporting information).
10
As expected when undertaking the RAFT copolymerization of MA/VAc in the presence of the xanthate 9, or trithiocarbonate 10 the addition of one molar equivalent of Sc(OTf)3 to RAFT agent did not affect (reduce) the dispersity to any appreciable extent. ‡ An increased rate of incorporation of VAc in relation to MA during earlier stages of polymerization due to interaction of Sc(OTf)3 with the monomers (in the absence of a Lewis basic group) and slower overall rate of polymerization are observed. The latter may indicate an overall slower fragmentation of the macroradicals bearing a VAc terminal group and therefore enhanced intermediate radical termination. Indeed the introduction of Sc(OTf)3 for the RAFT copolymerization of MA/VAc using trithiocarbonate 10 varies from a slow rate of polymerization to significantly retarded by increasing VAc feed (see Table S4 for details); complete inhibition is typically observed when polymerizing VAc in the presence of trithiocarbonates. 42, [47] [48] Importantly, these experiments also allow the direct comparison between the performance of the switchable RAFT agent 8 (in the presence or absence of Sc(OTf)3) and more commonly used xanthate and trithiocarbonate RAFT agents (namely 9 and 10 respectively) (see Tables S2 & S4 
Copolymer analysis at 50% MA/50% VAc feed ratio
To examine the effect of Sc(OTf)3 on the polymer microstructure, copolymers were synthesised on preparative scale using a 50% MA/50% VAc feed ratio with 0, 0.5 or 1 molar equivalent of Sc(OTf)3 to 8 (denoted as P0, P0.5 and P1 respectively). Reactions were heated at 60°C for 24h to ensure sufficient monomer conversion to facilitate polymer analysis by 1 H NMR (see Figure S4 and S5), 13 C NMR ( Figure 4 ) and DSC ( Figures S3 & S4) . Characterisation data is given in Table 2 . Quantitative analysis of this region could not be conducted because of insufficient spectral sensitivity due to the low mole fraction of VAc in these polymers. Comparison between integrations of the MA methine regions in the 13 C NMR spectra of P1 to P0.5
( Figure 4c and Table 1 ) indicates an appreciable increase in the fraction of VMV triads with increased Sc(OTf)3, indicative of increased incorporation of VAc units into P1. ¶ This observation is in agreement with our reactivity ratio observations. P0 also has more VMV triads than does P0.5, likely due to enhanced incorporation of VAc into P0 at higher total monomer conversion brought about from the increased rate of polymerization in the absence of Sc(OTf)3. 
VVV
From DSC analysis of P0, P0.5 and P1, each polymer was found to display a single glass transition temperature (Tg) between that of PMA (~10°C) 46 and PVAc (~32°C), 46 indicating the absence of microphase separation in bulk phase (see Figures S3 and S4) . DSC was unable to provide any demonstrable correlation between the Tg of the copolymers and their composition (see Table 2 ); the Tg of P0, P0.5 and P1, were found to be very similar (see Table 2 ).
CONCLUSIONS
Herein, we have demonstrated how addition of the Lewis acid Sc(OTf)3 improves the control over the RAFT copolymerization involving MAMs and LAMs (namely MA and VAc) controlled by an acid/base switchable dithiocarbamate RAFT agent, cyanomethyl (4-fluorophenyl)(pyridin-4-yl)carbamodithioate (8) , through modulation of its activity.
The introduction of either 0.5 or 1 molar equivalents of Sc(OTf)3, with respect to RAFT agent 8, into a RAFT copolymerization of methyl acrylate and vinyl acetate gave substantially improved control resulting in significantly reduced Ð (~1.1-1.3) when compared to that obtained in its absence (ca.
Ð~1.3-1.4).
Additionally, similar introduction of Sc(OTf)3 into a homopolymerization of MA mediated by RAFT agent 8 also delivered polymers of low Ð (~1.15).
Sc(OTf)3 was found to reduce the rate of polymerization, and alter the copolymerization reactivity ratios for MA and VAc. Increasing the Lewis acid concentration provided enhanced incorporation of the less active monomer, VAc, into the copolymers (indicated through the change in the reactivity ratios rMA and rVAc). This enhanced VAc incorporation was confirmed by 13 C NMR analysis of preparative samples.
High end-group fidelity was observed for all of the RAFT copolymers indicating, importantly, that the inclusion of Sc(OTf)3 does not deleteriously affect the thiocarbonylthio end-group. 
